ABSTRACT Early afterdepolarizations (EADs) are depolarizing potentials that occur during phase 2 or phase 3 of repolarization. They can induce triggered activity and have been proposed as a cause for arrhythmias in the heart in situ. To determine the response of EADs and triggered activity to interventions analogous to those used in the clinic for identifying arrhythmogenic mechanisms, we used a pacing protocol to study the response of EADs to sustained drive and extrastimuli. Cesium chloride (5 to 20 mM), which induces triggered arrhythmias in the intact dog, was used to induce EADs in isolated canine Purkinje fibers, and these were studied by microelectrode techniques. Cesium prolonged action potential duration and induced two types of EADs. At a potassium concentration of 4 mM, EADs occurred at membrane potentials of -3 to -30 mV. They were initiated 240 to 680 msec after the action potential upstroke and were 2 to 30 mV in amplitude. Their amplitude increased as drive cycle length increased, but their coupling interval to the action potential did not change with drive cycle length. These EADs did not induce triggered action potentials. At a potassium concentration of 2 mM, EADs usually occurred at higher membrane potentials (-50 to -70 mV) and longer coupling intervals (470 to 1360 msec) and were manifested as a delay.of phase 3 repolarization. These EADs induced triggered action potentials. When the triggered rhythms became sustained, premature stimuli either reset or terminated them, depending on the maximum diastolic potential. Termination occurred more frequently as the maximum diastolic potential increased. The extent of overdrive suppression induced by pacing for 15 sec to 3 min also increased as the maximum diastolic potential increased. In summary, cesium induced EADs at low or high membrane potentials. The former did not induce triggered activity, but the latter did. The triggered rhythms that occurred were similar to abnormal automatic mechanisms in their response to overdrive pacing and extrastimuli.
AFTERDEPOLARIZATIONS have been suggested as a possible cause of cardiac arrhythmias that cannot be explained adequately by reentry or abnormal automaticity.1'7 Delayed afterdepolarizations, which are oscillations that follow complete repolarization of the action potential, have received a great deal of attention as a potential arrhythmogenic mechanism in the intact heart" I, 69 and have been well characterized in isolated tissues. 8' 10, 11 In contrast, early afterdepolarizations (EADs) have received less attention. This type of afterdepolarization has been defined by Cranefield12 as a depolarizing afterpotential that interrupts or delays normal repolarization of the cardiac action potential and can induce triggered activity. EADs have been induced in isolated cardiac tissues under a variety of mines,'3 reduced potassium concentrations,'4 reduced pH,51'6 low calcium concentrations, '7 hypoxia,'8 aconitine,'9 N-acetylprocainamide, 20 sotalol,21 and cesium chloride. 2 In contrast to delayed afterdepolarizations, EADs are increasingly likely to occur at slow rates of stimulation. 12 This characteristic of EADs, along with their tendency to occur more readily during conditions of prolonged repolarization, has led to the suggestion that EADs may induce bradycardia-dependent arrhythmias as well as arrhythmias associated with the long QT syndrome . 22 It is unclear whether EADs and the arrhythmias they induce can be differentiated from those automatic rhythms that occur in cardiac fibers with low membrane potentials. Such automatic rhythms, often referred to as abnormal automaticity,2 are difficult to overdrive suppress by standard pacing techniques and require long periods of overdrive pacing for their sup- pression.25 B3ecause of the potential clinical relevance of EADs as well as the question of their differentiation from automatic rhythms, we used protocols for pacing and programmed stimulation of isolated Purkinje fiber bundles to characterize the initiation and termination of EAD-induced arrhythmias. Cesium chloride, which has been shown to induce a long QT syndrome and/or bradycardia-dependent, pleomorphic ventricular tachycardia in the intact dog,22 was used to induce the EADs.
Methods
Thirty-one adult mongrel dogs weighing 14 to 22 kg were anesthetized with sodium pentobarbital (30 mg/kg iv) and their hearts were rapidly remroved through a right thoracotomy. The hearts were immediately placed in cool Tyrode's solution containing the following (mM): NaCl, 131; NaHCO3, 18; KCI 4; NaH2PO4, 1.8; MgCl2, 0.5; CaCI2; 2.7; and dextrose, 5.5. Freerunning Purkinje fiber bundles were removed from the right and left ventricles and mounted in a tissue chamber perfused with Tyrode's solution.. The Tyrode's solution was gassed with 95% 02 and 5% CO2 and maintained at a temperature of 370 + 0.50 C with a glass heat exchanger. Intracellular recordings were made by impaling the fibers with glass capillary microelectrodes filled with 3M KCI, with tip resistances of 8 to 20 Mfl. The fibers were stimulated with bipolar, Teflon-coated, silver-wire electrodes by standard techniques. 26 Fibers were continuously stimulated at a cycle length of 1000 msec, except during pacing protocols and during observation of spontaneous rhythms. Details of the methods for recording action potentials and the maximum rate of rise of phase 0 have been described previously. 27 Action potentials were displayed on an oscilloscope and a strip-chart recorder.
After a stabilization period of 1 hr, standard techniques26 were used to measure control transmembrane potential characteristics at a drive cycle length of 1000 msec. The variables measured included action potential duration to 50% and 100% repolari-zation, maximum diastolic potential, action potential overshoot, and maximum rate of rise of phase 0 (Vmax). In addition, the response-to the following pacing protocol was tested: We first stimulated the fibers at cycle lengths of 4000, 3000, 2000, 1000, 900, 800, 700, 600, 500, and 400 msec for 15, 60, and 180 sec. Longer cycle lengths and single stimuli after pauses of 10 to 30 sec were also tested in some experiments. We then introduced single premature stimuli (S2) after every eighth drive stimulus at basic cycle lengths (S,) of 2000, 1000, 800, 600, and 400 msec. S2 coupling intervals spanned diastole in decrements of 20 msec until refractoriness was encountered. After these control measurements, we superfused the fibers with Tyrode's solution containing cesium chloride in concentrations of 5, 7.5, 10, or 20 mM at a superfusate potassium concentration of 2 or 4 mM. Transmembrane potential characteristics were measured after 60 min of exposure to cesium. When EADs with amplitudes of at least 5 mV were present or when EADs induced triggered action potentials the pacing protocol was repeated. The onset of EADs and triggered activity occurred at approximately 15 min (at low potassium and high cesium concentrations) and 120 min (at the higher potassium and low cesium concentrations).
We initially defined EADs and triggered activity with Cranefield's terminology,'2 i.e., depolarizing afterpotentials that interrupt or delay repolarization of the action potential (see figure  1 , A and B). A triggered action potential was defined as a second nondriven upstroke induced by an afterdepolarization (figure 1, C). We recorded the cycle lengths at which afterdepolarizations occurred and the coupling interval, activation voltage, and amplitude of the EADs as shown in figure 1, A. As stated by Cranefield,'2 some EADs do not involve an actual depolarization but instead consist of a delay of repolarization. The magnitude of these EADs was quantified by measuring the area of the EAD as shown in figure 1 , B. This area was estimated by counting the number of 1 X 1 mm boxes on the strip chart paper enclosed or partially enclosed within this area. Areas were corrected for chart speed and amplitude calibration and reported in arbitrary units. When EADs attained a sufficient magnitude to induce triggered action potentials, we mapped the fibers with an additional microelectrode to locate the site of earliest onset of the triggered action potential. We also identified the drive cycle lengths at which EAD-induced triggering occurred, the coupling interval and activation voltage of the first triggered action potential ( figure 1, C) , and the number of action potentials triggered by the EAD at each drive cycle length. We found that triggered rhythms that persisted for 30 sec invariably were sustained (i.e., would not terminate spontaneously for at least 2 min). Therefore we referred to such rhythms as "sustained," and after 30 sec of these rhythms had elapsed, we studied their cycle lengths, maximum diastolic potentials, and modes of spontaneous termination (if termination occurred). The responses of the rhythms to premature stimuli with varying coupling intervals were then evaluated. The return cycle length was divided by the average cycle length of the preceding 3 beats and plotted as a function of the premature coupling interval divided by the average cycle length of the rhythm. 28 In addition, we studied the responses of these rhythms to overdrive pacing at cycle lengths of 1000. 800. 600, 500, and 400 msec for 15, 60. and 180 sec.
In 19 experiments we studied the effects of changes in superfusate potassium concentration on EADs and triggering. At a constant cesium.concentration, the response to pacing at potassium concentrations of 2, 4, and 6 mM for each fiber was tested.
For those situations in which statistical analysis was required, experimental design was such that analysis of variance or Student's t test were appropriate analytic methods. When the f value obtained by analysis of variance permitted additional analyses, Scheffe's test was used.29 Statistical significance was assumed at p < .05. Data are presented as mean + SE.
Results
Effects of cesium on action potential characteristics. Effects of cesium chloride (5 mM) on action potential characteristics of Purkinje fibers are summarized in table 1. The most pronounced effect of cesium was prolongation of the action potential at potassium concentrations of both 2 and 4 mM. In addition, at a potassium concentration of 4 mM, cesium induced a decrease in Vniax at 60 min. With additional exposure to cesium, all fibers tested depolarized and at 120 min maximum diastolic potential at a cycle length of 1000 msec was 68 + 4 mV (n = 1 1) with 4 mM potassium (group I) and -83 + 5 mV (n = 8) with 2 mM potassium (group II). Similarly, exposure to higher cesium concentrations (20 mM) induced much more rapid depolarization and sustained rhythms. Within 10 to 20 min of onset, maximum diastolic potential of sustained rhythms was -52 ± 3 mV (n = 6) with 4 mM potassium. EADs at low membrane potentials. In experiments at a cesium concentration of 5 mM and potassium concentration of 4 mM, EADs began to appear after 90 to 120 min of exposure to cesium. At this time maximum distolic potentials were between -50 and -75 mV. These EADs appeared as an oscillation at approximately the termination of phase 2 (see figure 1, A). They occurred at activation voltages of -17 1 mV (range -3 to -30 mV), had amplitudes of 1 1 + 2 mV (range 2 to 30 mV), and had coupling intervals of 358 18 msec (range 240 to 680 msec). We will refer to these subsequently as low-membrane potential EADs. The occurrence of such EADs and their amplitudes were influenced by the drive cycle length. At short drive cycle lengths (<600 to 700 msec) EADs did not occur. As drive cycle length was increased to 900 msec EADs began to appear and gradually increased in amplitude. At long drive cycle lengths EAD amplitude again decreased. Although this pattern of variation in EAD amplitude with drive cycle length was found in 22 fiber bundles, the shortest cycle length at which EADs occurred and the cycle length for maximum amplitude varied among fiber bundles (see figure 2 ). In fact, of the 22 fiber bundles studied, only three showed EADs at a basic cycle length of 800 msec, five at 900 msec, 10 at 1000 msec, 19 at 2000 msec, and all 22 at 3000 and 4000 msec. Because of the inhomogeneous population (based on different numbers of fibers showing EADs at the various cycle lengths), no statistical analysis of EAD coupling interval, activation voltage, or amplitude was attempted here. We must stress, however, the relationship of drive cycle length to the actual occurrence of EADs, with only 14% (3/22) of fibers showing EADs at the shortest cycle length and 100% showing EADs at the two longest cycle lengths. For the five fibers that showed EADs at cycle lengths from 900 to 4000 msec, we did anlayze the coupling interval, activation voltage, and EAD amplitude statistically (figure 3, left). We found that EAD amplitude was maximal at cycle lengths of 900 to 1000 msec and then decreased as drive cycle length increased or decreased (figure 3, A). The activation voltage of the EAD also showed drive cycle length dependence, becoming less negative as A 0-8 C EU drive cycle length increased ( figure 3, B) . However, there was no variation in EAD coupling interval with drive cycle length (figure 3, C). Multiple (i.e., two to four) low-membrane potential EADs were seen in four of 22 fibers tested. They tended to occur at longer cycle lengths and when action potential duration was very prolonged (figure 4). However, the low membrane potential EADs never induced triggered action potentials or triggered rhythms.
In four experiments, single premature stimuli (S,) were introduced at varying coupling intervals during diastole after every eighth basic drive stimulus (basic drive cycle lengths of 400, 600, 800, 1000, and 2000 msec). The EADs that were induced by these stimuli were of the same amplitude that occurred when a basic drive rhythm with a cycle length equal to the S-S, interval was used.
We also used a second microelectrode to map the fiber bundles with low-membrane potential EADs. This was done to determine whether these oscillations might be attributed to the electrotonic effects of action potentials occurring at sites other than the primary impalement site. Such action potentials were not found in any experiment.
EADs at high membrane potentials. Other fibers were exposed to 5 mM cesium (group II, EAD coupling interval, activation voltage, and magnitude and the triggered action potential coupling interval and activation voltage ( figure 3, right) . EAD magnitude (as defined in figure 1 , B) increased with increasing drive cycle length ( figure 3, D) . EAD magnitude could not be estimated when triggered action potentials were induced, and therefore values at cycle lengths of greater than 3 sec are not shown in figure 3 , D. At a drive cycle length of 3 sec only three fibers had measurable EADs; the other two had only triggering. The activation voltage of these EADs did not vary with drive cycle length (figure 3, E, solid line). However, the activation voltage of the first triggered action potential did become less negative with increasing drive cycle length (figure 3, E, broken line). The coupling interval of the EADs increased with increasing drive cycle length ( figure 3, F, solid line) . However, the coupling interval of the first triggered action potential decreased with increasing drive cycle length (figure 3, F, broken line).
Single extrastimuli (S,) at any cycle length did not induce additional EADs or triggered action potentials.
Sustained rhythms. At long exposure times to 5 or 7.5 mM cesium or to higher concentrations (10 or 20 mM), we introduced single stimuli after a 10 to 30 sec period of quiescence. The action potentials resulting from these single stimuli in turn induced sustained rhythms. When not interrupted by pacing, some rhythms gradu-1018 ally slowed and then terminated with a subthreshold EAD, followed by more complete repolarization (figure 6 ). Such rhythms were induced only by a driven or an automatic action potential. The cycle lengths of rhythms sustained for longer than 30 sec were 1538 ± 129 msec (18 rhythms recorded in 15 fiber bundles). They occurred at maximum diastolic potentials of -64 ± 2 mV. The likelihood of premature stimuli either terminating or resetting these sustained rhythms depended on the membrane potential at which the rhythm was occurring. Figure 7 shows an example of an EAD-induced sustained rhythm occurring at a membrane potential of approximately -66 mV. A single premature depolarization terminated this rhythm by inducing more complete repolarization. The period of quiescence after termination of the triggered rhythm reflects overdrive suppression of the normal Purkinje fiber pacemaker by the triggered rhythm; for example, in the preparations we studied we found that with longer periods of triggered activity, the duration of overdrive suppression of the automatic pacemaker increased. Figure 8 shows a different response to premature stimulation than that in figure 7 . Here a cesium-induced sustained rhythm is occurring at a membrane potential of -50 to -55 mV. Premature stimuli introduced at four different coupling intervals did not terminate the rhythm and induced only reset. Whereas six of eight rhythms occurring at maximum diastolic potentials of -65 to -75 mV were terminated by premature stimuli (see figure 7) , nine of 10 rhythms occurring at maximum diastolic potentials of -45 to -63 mV were not terminated but rather were reset by premature stimuli (figure 8).
The response of cesium-induced sustained rhythms to overdrive pacing was also dependent on the maximum diastolic potential of the rhythms. In general, overdrive pacing at cycle lengths of 300 to 600 msec induced varying degrees of hyperpolarization and
overdrive suppression, depending on the maximum diastolic potentials of the fibers ( figure 9 ). In addition, for a given rhythm the longer the period of drive the greater the hyperpolarization and the degree of overdrive suppression. A demonstration of the response of one such sustained rhythm to overdrive pacing at a cycle length of 500 msec for 15, 60, and 180 sec is shown in figure 10 . As demonstrated here, the longer the period of pacing, the greater the hyperpolarization of the fiber and the longer the duration of overdrive suppression. showed EAD-induced triggered activity at a potassium concentration of 2 mM and at cesium concentrations of 5 to 10 mM, 17 (89%) showed rapid inhibition of triggering when the external potassium concentration was raised to 4 mM ( figure 1 1) . EAD magnitude was 7.5 ± 0.4 units with 2 mM potassium and 1.8 + 0.7 units 10 min after raising the potassium concentration to 4 mM (n = 19, p < .001). Although triggering continued to occur in two of the 19 fiber bundles with 4 mM potassium, triggering ceased when the concentration was raised to 6 mM. A further increase in the cesium concentration failed to induce triggered activity.
In 16 fiber bundles showing high-membrane potential EADs with 2 mM potassium, we raised the concentration to 6 mM. In 14 of these, low-membrane potential EADs then occurred. Figure 12 shows an example of the change from the high-to the low-membrane potential EAD induced in one fiber by increasing the potassium concentration, from 2 to 6 mM.
Discussion
We have studied two types of depolarizing potentials induced by cesium, both of which fit Cranefield's definition'2 of an EAD. One occurs at low membrane potentials (0 to -30 mV) and short coupling intervals (250 to 500 msec), and the other occurs at high membrane potentials ( -60 to -70 mV) and longer coupling intervals (500 to 1000 msec). Unlike the first type, which is an oscillation having an amplitude of 2 to 30 mV, the second is not an actual oscillatory depolarization but rather a delay of repolarization.
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One might question whether these afterdepolarizations represent a change in membrane potential induced by the effect of cesium on ionic currents or whether they are the result of electrotonic effects of action potentials occurring in nearby fibers. That cesium-induced EADs are the result of an effect on ionic currents is suggested by the fact that cesium has been shown to inhibit inwardly rectifying potassium currents ,30 and the normal occurrence of inward current in the presence of such reduced repolarizing currents can account for the EAD. Moreover, two types of evidence suggest that EADs are not electrotonic potentials induced by action potentials: First, as mentioned in Results, the preparations were mapped with microelectrodes. During the mapping procedure, we were unable to identify any site at which action potentials were occurring that might be responsible for the oscillations seen. Second, in experiments on single, disaggregated Purkinje fibers, our associates Hewett and Robinson (preliminary results) have demonstrated the occurrence of EADs with characteristics similar to those in our experiments. This indicates that the oscillations described do occur in the single cell.
Another question might concern the reasons for the use of cesium in these experiments. Certainly a variety of agents, including aconitine,11 catecholamines, 3N-acetylprocainamide,20 batrachotoxin,3 and sotalol, have been shown to induce EADs. What all have in common is the ability either to increase inward current and/or to delay outward, repolarizing current. We used cesium in these experiments for two reasons: first, because it consistently and reproducibly induces EADs and triggered activity in isolated tissues, and second, abnormal automaticity occurs as well as EADs at high membrane potentials and their associated triggered activity. The low resting potential occurs at a point of minimum net current for the overall net current-voltage relationship of a cardiac fiber34; therefore, interventions that reduce potassium permeability (such as cesium and/or low potassium) would have their greatest effect on net currents and repolarization at this potential. EADs appear as an arrest of repolarization at these membrane potentials, and when repolarization is arrested for a long enough time, a triggered upstroke occurs. Subsequent repolarization of the triggered action potential may proceed to the high resting potential or only to the low resting potential. If repolarization is compromised sufficiently, a sustained rhythm can occur at the lower resting potential. The role of potassium concentration is emphasized in our studies in that at low concentrations there was a major delay in repolarization and frequent evidence of EAD-induced trig- . Relationship between maximum diastolic potential of cesium-induced sustained rhythms and degree of overdrive suppression. Overdrive pacing consisted of stimulation for 15 sec at a cycle length of 500 msec. The abscissa is the maximum diastolic potential of the sustained rhythm before overdrive stimulation. The return cycle length is the interval between the upstroke of the last driven action potential and the upstroke of the first spontaneous beat. Use of pacing to differentiate EADs from other arrhythmogenic mechanisms. There are major differences in the response to pacing of EADs and the automaticity that occurs at membrane potentials of -80 to -95 mV. The latter is overdrive suppressed by brief periods of rapid pacing. 5 In contrast, the cesium-induced triggered rhythms that occurred at membrane potentials of -70 to -45 mV were not readily overdrive suppressed, and the more positive the maximum diastolic [K +], -2 mM potentials of these rhythms, the more difficult it was to overdrive suppress them. These characteristics are similar to those of the automaticity that occurs at low membrane potentials, such as that induced by barium in Purkinje fibers23-25 and that occurring in subendocardial Purkinje fibers 24 hr after infarction. In addition, although premature stimulation could terminate some rhythms whose maximum diastolic potentials were greater than -65 mV (by repolarizing the membrane to the -90 mV range), premature stimuli generally reset those rhythms with maximum diastolic ,J20 mV 2 sec FIGURE 12. Effect of increasing potassium concentration from 2 to 6 mM on triggered activity and EADs induced by cesium.
After exposure of the fiber to cesium (5 mM) and 2 mM potassium for 30 min, the fiber was stimulated at a cycle length of 4 sec. A, Recording made with 2 mM potassium. High-membrane potential EADs were present and a triggered action potential followed the third stimulated action potential. B, The same impalement and cycle length, 3 min after bath potassium concentration was raised to 6 mM. Note the absence of high-membrane potential EADs and triggering but the presence of low-membrane potential EADs. potentials less than -65 mV. The characteristics of reset are consistent with those described both for automatic rhythms23 25 With respect to initiation of arrhythmias, delayed afterdepolarizations increase in their amplitude at short drive cycle lengths, and the rhythms they induce also tend to increase in rate as the basic cycle that induces them is decreased.8' l This is in sharp contrast to EAD-induced rhythms, which are bradycardia dependent for their occurrence rather than tachycardia dependent.
In a comparison of EAD-induced triggered rhythms and reentry, both EAD-induced rhythms occurring at maximum diastolic potentials greater than -65 to -70 mV and reentry can be terminated by overdrive pacing or premature stimuli.37' 38 However, whereas reentrant rhythms sometimes accelerate in response to rapid overdrive pacing or premature stimulation,2 this response was never seen in EAD-induced rhythms. Those EAD-induced rhythms occurring at maximum diastolic potentials less than -65 mV (i.e., those rhythms more similar to abnormal automaticity at low membrane potentials) were not terminated by overdrive and were reset by premature stimuli. These responses differ from those of reentrant rhythms.
In sum, EAD-induced sustained rhythms can be differentiated by means of pacing techniques from sustained rhythms induced by delayed afterdepolarizations, reentry, and automaticity at high membrane potential, but they appear indistinguishable by pacing techniques from abnormal automaticity occurring at low membrane potentials.
Clinical relevance. It has not been established whether EADs induce arrhythmias in the intact heart. However, there is circumstantial evidence to support the possibility that EADs are involved in some arrhythmias.
Because EADs are most prominent at long cycle lengths and when action potential duration is prolonged, it is possible that they are involved in the initiation of ventricular tachycardias occurring in a setting of bradycardia and long QT interval. This possibility has been suggested by Brachmann et 
